Objective-Human serum paraoxonase 1 (PON1) activity is inversely related to the risk of developing an atherosclerotic lesion, which contains cholesterol-loaded macrophage foam cells. To assess a possible mechanism for this relationship, we analyzed the effect of PON1 on cellular cholesterol biosynthesis. Methods and Results-Mouse peritoneal macrophages (MPMs) were harvested from PON1-deficient mice (PON1°and PON1°/E°mice on the genetic background of C57BL/6J and E°mice, respectively). PON1°/E°mice exhibited a significantly 51% increased atherosclerotic lesion area and 35% increased macrophage cholesterol content compared with control E°mice. In parallel, macrophage cholesterol biosynthesis rates were increased in PON1-deficient mice MPMs by 50% compared with their controls. Incubation of macrophages with human PON1 revealed a dose-dependent inhibitory effect (up to 84%) on macrophage cholesterol biosynthesis. We demonstrated a PON1 phospholipase-A 2 -like activity on MPMs, evidenced by release of polyunsaturated fatty acids and formation of lysophosphatidylcholine. On incubation of macrophages with lysophosphatidylcholine, a dose-dependent inhibition (up to 40%) of cellular cholesterol biosynthesis was noted. The inhibitory effect of PON1 on macrophage cholesterol biosynthesis was shown to be downstream to mevalonate, probably at the lanosterol metabolic point.
M acrophage cholesterol accumulation and foam cell formation are the hallmark of early atherogenesis. 1, 2 Cellular cholesterol accumulation can result from increased uptake of LDL or its modified forms, 3, 4 from decreased cellular cholesterol efflux, 5 and/or from enhanced cellular cholesterol biosynthesis. 6 In the atherosclerotic lesion, which is characterized by the accumulation of cholesterol-loaded macrophages, the presence of paraoxonase 1 (PON1) was shown. 7, 8 Human serum paraoxonase is an HDL-associated esterase, which possess antiatherosclerotic properties. 7,9 -11 Human PON1 transgenic mice reveal decreased atherosclerotic lesions compared with control mice. 9 Moreover, in atherosclerotic patients decreased serum PON1 activities have been shown, 12, 13 and mice fed an atherogenic diet exhibit decreased PON1 mRNA levels. 14 PON1-deficient mice fed a high-fat diet demonstrate accelerated atherosclerosis compared with control mice. 15, 16 PON1 possesses multiple hydrolyzing activities toward organophosphates, 17, 18 lipid peroxides, 7, 19, 20 and lactones. 21 PON1 can also hydrolyze proteoliposome-phosphatidylcholine-core aldehydes and phosphatidylcholine-isoprostanes at position sn-2 to yield the forma-tion of lysophosphatidylcholine (LPC) by a phospholipase-A 2 (PLase-A 2 )-like activity. 22, 23 The presence of a hydrolase, such as PON1, in arterial lesion areas 7, 8 may have a protective effect against cellular cholesterol accumulation, which can possibly explain the inverse relationship between serum PON1 activity and atherosclerosis. 9 -12 Thus, we investigated cellular cholesterol biosynthesis in peritoneal macrophages harvested from PON1-deficient mice as well as the direct effect of PON1 on macrophage cholesterol biosynthesis.
Methods
Mice PON1-deficient mice (PON1°and PON1°/E°mice) were obtained as previously described. 15 C57BL/6J and E°mice were used as controls. Two-month-old male mice were all fed regular chow diet.
PON1 Activity Measurement
Serum PON1 activity toward phenylacetate (arylesterase activity) was measured spectrophotometrically at 270 nm. 17 For the determination of PON1 arylesterase activity in cells, phenylacetate in the assay mixture was added to the washed cells, and after 5 minutes incubation at room temperature, the supernatant was measured spectrophotometrically at 270 nm.
Purification of PON1 from Human Serum
PON1 was purified from the sera of healthy human volunteers identified as homozygous for PON1Q as described previously. 7 Before addition to the cells, tergitol residues were removed by Extracti-Gel D Detergent Removing Gel (10 mL, Pierce, Ill).
Lipoprotein Separation
Serum HDL, isolated from fasted normolipidemic volunteers, and mouse HDL, derived from PON1°and C57BL/6J mice, were prepared by discontinuous density gradient ultracentrifugation. 11 HDLs (1.210 g/mL) were dialyzed against 150 mmol/L NaCl and 1 mmol/L CaCl 2 (pH 7.4, 4°C).
Histopathology of Aortic Atherosclerotic Lesion
PON1-deficient mice and their controls were euthanized and their aortas were dissected and fixed in 3% glutaraldehyde in 0.1 mol/L sodium cacodylate buffer, pH 7.4, followed by postfixation for 4 hours in 1% osmium tetroxide (in water). The samples were stored in 0.1 mol/L sodium cacodylate buffer containing 7.5% wt/vol sucrose before treatment with an unbuffered 1% aqueous solution of osmium tetroxide for 4 hours. The prolonged osmium treatment stains the intraluminal, intramural, and intracellular lipids a dense black color. The lesion areas were determined by using a computerized quantitative image-analysis system (Olympus Cue-2, Lake Success, NY) with morphometric software. 24
Cells
J774A.1 murine macrophage cells and Chinese hamster ovary (CHO) cells were purchased from the American Tissue Culture Collection (ATCC, Rockville, Md). Cultures of bovine corneal endothelial cells were established from steer eyes as described elsewhere. 25 Mouse peritoneal macrophages (MPMs) were harvested from peritoneum fluid 4 days after intraperitoneal injection of 3 mL of thioglycolate (40 g/L saline). 6 The cells (10 to 20ϫ10 6 /mouse) were resuspended in DMEM (with 100,000U/L penicillin, 100 mg/L streptomycin, and 2 mmol/L of glutamine) containing 5% FCS.
Macrophage Cholesterol Content
Cellular protein content was determined by using the method of Lowry et al. 26 MPMs (3ϫ10 6 /well) sonicated in PBS containing 10 mol/L butylated hydroxytoluene were extracted with 3 volumes of diethyl ether containing 5␣Ϫcholestane (10 L of 50 g/mL stock) as internal standard. The upper phase was dried and cholesterol content in the samples was measured, after saponification, by gas chromatography-mass spectrometry (GC-MS) analysis. 27 
Macrophage LPC Content
MPM (3ϫ10 6 /well) were sonicated and extracted for cellular phospholipids with chloroform:methanol (2:1, v:v), then the upper phase was removed and the lower phase was dried. The samples were dissolved in water:acetonitrile (1:1, v:v). After addition of 5 mmol/L NaCl, LPC content in the samples was measured by liquid chromatography-mass spectrometry analysis. 28
Fatty Acid Release from Macrophages

Arachidonic Acid
The medium from MPMs (2ϫ10 6 /well) was collected and extracted with 4 mL of diethyl ether (with 10 mol/L butylated hydroxytoluene). The residue of the upper phase dissolved in methanol was injected to high-performance liquid chromatography (HPLC). 29
[ 14 C]-Linoleic Acid
MPMs (2ϫ10 6 /well) were incubated at 37°C for 2 hours in DMEM with 1-palmitoyl-2-[ 14 C]-linoleyl-phosphatidylcholine (0.125 Ci/ mL, Amersham Biosciences, Buckinghamshire, UK), followed by cell washes with PBS and a further incubation with purified PON1 for up to 3 hours. Samples were extracted with diethyl ether and run on thin-layer chromatography (TLC) and developed in hexane:ether-:acetic acid (130:30:1.5, v:v:v). Free [ 14 C]-linoleic acid spots were visualized by iodine vapor (by using standard for identification), and counted in a ␤-counter.
Macrophage Cholesterol Biosynthesis
Cellular cholesterol biosynthesis was assayed after incubation of macrophages (2ϫ10 6 /well) with increasing concentrations of purified PON1, HDL, or LPC for 18 hours at 37°C with DMEM containing 2% BSA followed by additional 3 hours of incubation at 37°C with [ 3 H]-acetate (3.3 Ci/mL) or [ 3 H]-mevalonate (2.3 Ci/ mL). Cellular lipids were extracted with hexane:isopropanol (3:2, v:v), and the upper phase was dried under nitrogen. The lipids were then separated by TLC and developed in hexane:ether:acetic acid (130:30:1.5, v:v:v). Unesterified cholesterol, lanosterol, and linoleic acid spots were visualized by iodine vapor (by using standard for identification) and counted with ␤-counter. 6 Lanosterol spots were further analyzed by GC-MS, but no contamination of cholesterol or other precursors of cholesterol could be detected in the lanosterol spot.
PON1/2/3 mRNA Expression by Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
Total RNA was extracted from MPMs with Tri-reagent. cDNA were generated from 1 g of total RNA by using RT. Products of the RT reaction were subjected to PCR amplification by using the following primers. For PON1, forward primer: 5Ј-TAGAGATTCTGCCTAA-TGGAC-3Ј, reverse primer: 5Ј-GCAGGACGGTACCATTCTC-3Ј; for PON2: 5Ј-GATGGATCTGGACGAGAGAC-3Ј, reverse primer: 5Ј-GAATCAAACCCTTCTGCCAC-3Ј; and for PON3: 5Ј-CACTG-CTTATCTTTATGTCGTG-3Ј, reverse primer: 5Ј-GAAGCACAG-AGCCGTTGTTC-3Ј. Similar conditions were used to amplify glyceraldehydes-3-Phosphate-dehydrogenase (GAPDH), as previously described. 6 The PCR program used for the PONs was as follows: 1 cycle (1 minute at 94°C), 30 cycles for PON3 and GAPDH, or 40 cycles for PON1 and PON2 (30 seconds at 94°C, 30 seconds at 57°C, 1 minute at 68°C), 1 cycle (7 minutes at 68°C). The cDNA products were separated on 1% agarose gel containing ethidium bromide.
Site-Directed Mutagenesis, Transfection, and Expression of Recombinants
Recombinants of PON1 (wild-type PON1Q and mutants with alanine or serine in the place of cystein-284) were produced as described previously. 7, 19, 30 MPM from PON1°mice were incubated with Ultra Culture (Cambrex Bioscience) media containing various PON1 preparations (1.3 arylesterase U/mL).
Statistical Analysis
Student's t test was performed for all statistical analyses. For statistical analysis of parameters without Gaussian distributions, such as atherosclerotic lesions size, the nonparametric Wilcoxon rank sum test was used. All results represent meanϮSD.
Results
Atherosclerotic Lesion and Macrophage Cholesterol Content in PON1-Deficient Mice
Two populations of PON1 knockout (KO) mice were studied: PON1-KO/C57BL/6J (PON1°) mice and PON1-KO/ apoE-KO (PON1°/E°) mice. These mice were compared with control groups with the appropriate genetic background, that is, the C57BL/6J and the E°mice, respectively. Whereas no significant atherosclerotic lesions were found in PON1°mice or in C57BL/6J mice at 12 months of age under a chow diet, the atherosclerotic lesions of PON1°/E°mice at 12 months of age under chow diet were more advanced and complicated than control E°mice atherosclerotic lesions. This was evidenced by increased content of cholesterol crystals (marked as I, found in Figure 1A and 1B), and by appearance of lipid droplets (marked as II, found in Figure 1B ). In addition, in PON1-deficient mice, the lesion size was significantly larger (PϽ0.01) by 51%, compared with the lesion size in the control mice ( Figure 1C ).
Because cholesterol accumulation and macrophage foam cell formation are the hallmark of early atherogenesis and because MPMs resemble arterial macrophages, we analyzed the cholesterol content in MPMs harvested from these atherosclerotic mice. A significant (PϽ0.01) 35% increase in macrophage cholesterol content was found in MPM from PON1°/E°mice compared with MPM from E°mice ( Figure 1D ).
Macrophage Cholesterol Biosynthesis in MPMs Harvested from PON1-Deficient Mice
Because macrophage cholesterol content was increased in PON1-KO mice, we questioned whether PON1 deficiency was associated with enhanced macrophage cholesterol biosynthesis. In PON1°mice MPMs, cellular cholesterol biosynthesis was significantly increased by 50% (PϽ0.01) compared with cholesterol biosynthesis in control C57BL/6J mice MPMs (Figure 2A) . Similarly, cholesterol biosynthesis in PON1°/E°mice MPMs was significantly increased by 51% (PϽ0.01) compared with cholesterol biosynthesis in control E°mice MPMs ( Figure 2B ).
Like PON1, PON2 and PON3 are members of the PON gene family and are located adjacent to each other on chromosome 6 in mice. 31 Thus, we questioned whether PON1 deficiency was associated with concomitant macrophage deficiency of PON2 and PON3. We found unchanged macrophage PON2 and PON3 (but not PON1) mRNA expression in PON1°MPMs by RT-PCR (data not shown), indicating that despite the absence of PON1, PON2 and PON3 are present in MPM from PON1°mice.
Direct Effect of Pure PON1 and HDL on Macrophage Cholesterol Biosynthesis
To study whether PON1 directly decreased macrophage cholesterol biosynthesis, we first incubated human PON1 (7.5 arylesterase U/mL) with PON1°mice MPMs. We observed a 40% increase in PON1 activity (toward phenylacetate) in treated cells compared with cells that were not incubated with PON1 (70 mU/mg cell protein versus 49 mU/mg cell protein, respectively), indicating PON1 association with macrophages. On incubation of PON1°mice MPMs with increasing concentrations of purified human PON1, a dose-dependent decrease in macrophage cholesterol biosynthesis rates by up to 64% (by using 7.5 arylesterase U/mL of PON1) was noted ( Figure 3A) . Because HDL is the physiological carrier of PON1 in serum, we examined a possible similar inhibitory effect of HDL on macrophage cholesterol biosynthesis. For this purpose we incubated MPMs from PON1°mice with human HDL. An HDL dose-dependent decrease in macrophage cholesterol biosynthesis by 21% and by 35% was noted by using 0.2 and 0.3 HDL arylesterase U/mL, respectively (475 and 715 g HDL protein/mL; Figure 3B ). Moreover, we found that HDL harvested from PON1°mice exhibited 91% decreased PON1 activity toward phenylacetate (arylesterase) compared with HDL harvested from C57BL/6J mice (1.1Ϯ0.1 U/mg HDL protein in C57BL/6J mice versus 0.1Ϯ0.01 U/mg HDL protein in PON1°mice). Thus, we examined the effect of the absence of PON1 in HDL harvested from PON1°mice on macrophage cholesterol biosynthesis. We found that incubation of PON1°mice MPMs with HDL harvested from PON1°mice revealed a 2.8-fold increment in macrophage cholesterol biosynthesis compared with cholesterol biosynthesis established after MPM incubation with HDL harvested from C57BL/6J mice (2123Ϯ113 versus 765Ϯ90 cpm/mg cell protein, respectively). To verify whether the inhibitory effect of PON1 on macrophage cholesterol biosynthesis was specific, several types of macrophages were incubated with increasing concentrations of PON1. Incubation of PON1°/E°mice MPM with increasing concentrations of PON1 revealed a dosedependent decrease in macrophage cholesterol biosynthesis rates by up to 84% by using 7.5 arylesterase U/mL of PON1 (from 16400Ϯ395 to 6888Ϯ607 cpm/mg cell protein). Similarly, after incubation of MPM from C57BL/6J mice or of J774A.1 macrophage-like cell-line with PON1 (7.5 arylesterase U/mL), macrophage cholesterol biosynthesis rates decreased significantly (PϽ0.01) by 40% (from 10000Ϯ433 to 6016Ϯ500 cpm/mg cell protein) or by 62% (from 9837Ϯ260 to 3757Ϯ299 cpm/mg cell protein), respectively, compared with the cholesterol biosynthesis rates in cells that were incubated without PON1. These results indicate that PON1 specifically inhibits cholesterol biosynthesis in various types of macrophages. To find whether the effect of PON1 is selective to macrophages, we also used endothelial cells and fibroblasts (CHO cells). Whereas in endothelial cells PON1 decreased cholesterol biosynthesis, by 35% (from 2521Ϯ226 to 1636Ϯ197 cpm/mg cell protein), no significant decrease was detected in CHO cells (from 469Ϯ18 to 478Ϯ42 cpm/mg cell protein).
On searching for PON1 active site for its inhibitory effect on macrophage cholesterol biosynthesis we next used recombinant and mutant PON1. A significant decrease of 34% (PϽ0.01) in macrophage cholesterol biosynthesis was noted after incubating MPM from PON1°mice with recombinant wild type of PON1 (0.2 arylesterase U/mL; Figure 3C ). The involvement of the only free sulfhydryl group in PON1, at position cysteine-284, in the inhibitory effect of PON1 on macrophage cholesterol biosynthesis was examined by substitution of the cysteine-284 by serine or alanine by using site-directed mutagenesis. Both substitutions revealed a significant (PϽ0.01) decreased capability of the PON1 mutants (0.2 arylesterase U/mL) to inhibit PON1°MPM cholesterol biosynthesis (decrement of only 8% and 17%, respectively, Figure 3C ).
PLase-A 2 -Like Activity of PON1 on Macrophage Phospholipids
PON1 inhibitory effect on macrophage cholesterol biosynthesis may have resulted from its PLase-A 2 -like activity. On incubation of ␣-palmitoyl-␤-arachidonyl-␥-phosphatidylcholine (PAPC, 0.4 mg/mL) with 7.5 arylesterase U/mL of PON1 for 3 hours, HPLC analysis revealed 61% increase in arachidonic acid release ( Figure 4A ) compared with release in the absence of PON1.
We next questioned whether PON1 also possessed PLase-A 2 -like activity toward macrophage phospholipids by using MPMs from PON1°mice that were preincubated with radiolabeled ␣-palmitoyl-␤-linoleyl-␥-phosphatidylcholine. By using TLC analysis, a time-dependent increased release of [ 14 C]-linoleic acid from the cells was observed after incubation with PON1 (7.5 arylesterase U/mL) with up to 137% increase obtained after 3 hours of incubation compared with cells that were incubated without PON1 ( Figure 4B ). Similarly, 18 hours incubation of PON1°mice MPM with PON1 (7.5 arylesterase U/mL) revealed a substantial 6.9-fold increase (from 2.8Ϯ0.1 mol to 19.3Ϯ1.4 mol) in cellular LPC levels. LPC levels were also increased (by 23%) in C57BL/6J mice MPMs compared with LPC levels in PON1°m ice MPMs (3.6Ϯ0.2 versus 2.8Ϯ0.1 mol, respectively). To question the effect of PON1 presence in serum on PLase-A 2 activity, we measured this activity in serum from PON1°mice compared with serum from C57BL/6J mice and observed a 16% significant (PϽ0.01) decrement in the serum PLase-A 2 activity on PAPC as assessed by HPLC analysis of arachidonic acid release ( Figure 4C ).
LPC as a Possible Mediator for PON1 Inhibitory Effect on Macrophage Cholesterol Biosynthesis
PON1 PLase-A 2 -like activity on phospholipids results in LPC formation. 22, 23 Thus, we next questioned whether LPC, like PON1, had an inhibitory effect on macrophages cholesterol biosynthesis. Incubation of PON1°mice MPMs with increasing concentrations of LPC revealed a dose-dependent significant decrement (PϽ0.01) in macrophage cholesterol biosynthesis by up to 40% by using 15 g/mL of LPC (see online Figure IA , which can be accessed at http://atvb. ahajournals.org). Similarly, Incubation of control C57BL/6J mice MPM with increasing concentrations of LPC revealed significant (PϽ0.01) dose-dependent inhibition of macrophage cholesterol biosynthesis by up to 31% by using 15 g/mL of LPC ( Figure IB) .
Location of PON1 Action Along the Cholesterol Biosynthesis Pathway
3-Hydroxy-3-Methylglutaryl-Coenzyme-A-Reductase (HMG-CoA-Reductase) is the rate-limiting enzyme in the cellular cholesterol biosynthetic pathway. We next studied whether PON1 inhibited cholesterol biosynthesis by inhibiting the activity of this enzyme. For this purpose [ 3 H]-acetate or [ 3 H]-mevalonate was used as precursors for macrophage cholesterol biosynthesis in PON1°mice MPMs. A similar decrease of 64% ( Figure IIA , which can be accessed at http://atvb.ahajournals.org) and of 58% ( Figure IIB) in cellular cholesterol biosynthesis was observed by using these precursors, respectively. These results suggest that PON1 does not inhibit the HMG-CoA-reductase enzyme and that the inhibition of macrophage cholesterol biosynthesis pathway is located downstream to mevalonate.
LPC was shown to decrease cholesterol biosynthesis in liver cells, by inhibiting the conversion of lanosterol, an upstream product to cholesterol. 32 Because in the present study LPC is shown to inhibit macrophage cholesterol biosynthesis, we next analyzed whether the inhibitory effect of PON1 on the macrophage cholesterol biosynthesis could be associated with the accumulation of lanosterol. Incubation of MPMs from PON1°mice with 7.5 arylesterase U/mL of PON1 revealed a substantial 4.3-fold or 4.4-fold increase in macrophage radiolabeled [ 3 H]-lanosterol levels by using [ 3 H]acetate ( Figure IIIA , which can be accessed at http://atvb. ahajournals.org) or [ 3 H]-mevalonate ( Figure IIIB) as precursors for cholesterol biosynthesis, respectively. This lanosterol accumulation, however, did not affect macrophage viability (analyzed by cell number and medium LDH activity). These findings suggest that PON1 inhibits the cholesterol biosynthesis pathway downstream to mevalonate, at the lanosterol metabolic step.
Discussion
The present study demonstrates, for the first time, that PON1 inhibits macrophage cholesterol biosynthesis. This was supported by increased cellular cholesterol biosynthesis in MPMs harvested from PON1-deficient mice and by the direct inhibitory effect of PON1 on macrophage cholesterol biosynthesis. Inhibition of macrophage cholesterol biosynthesis by PON1 is probably related to its PLase-A 2 -like activity, which results in LPC formation, because LPC inhibits cellular cholesterol biosynthesis.
The increase in cholesterol biosynthesis in PON1-deficient mice MPM is probably not caused by inflammatory mediators, as PON1 was shown to have a specific direct effect on macrophage cholesterol biosynthesis on various types of macrophages. Furthermore, this effect of PON1 was not limited to macrophages because endothelial cells were also affected, in contrast to CHO fibroblasts. Thus, PON1 may selectively inhibit cellular cholesterol biosynthesis only in certain cells, such as arterial cells. The maximal PON1 
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activity toward phenylacetate (7.5 arylesterase U/mL) used in our in vitro studies was about 15% of that found in human serum, but similar to levels in the arterial wall. 33 Peritoneal macrophages, which are widely used to study cholesterol and lipoprotein metabolism in relation to atherogenesis, resemble arterial macrophages in their characteristics. 34 HMG-CoA-reductase, which converts HMG-CoA to mevalonate, is the rate-limiting enzyme in the cholesterol biosynthesis pathway. 35 HMG-CoA-reductase inhibitors (statins), the most efficient hypocholesterolemic drugs, decrease serum cholesterol levels by inhibiting cholesterol synthesis in hepatocytes 36 and in macrophages. 37 We thus questioned whether PON1 inhibition of macrophage cholesterol biosynthesis was located at the HMG-CoA-reductase action on HMG-CoA. However, by using [ 3 H]-mevalonate as cholesterol biosynthesis precursor, PON1 decreased macrophage cholesterol biosynthesis to the same extent as it did by using [ 3 H]-acetate as precursor, indicating that HMG-CoAreductase is not the target for the inhibitory effect of PON1. It has been previously shown that PON1 can hydrolyze oxidized phospholipids in oxidized lipoproteins, 38 and PLase-A 2 -like activity of PON1 was previously shown on proteoliposome-phosphatidylcholine-core aldehydes and on phosphatidylcholine-isoprostanes. 22, 23 We extended this observation to macrophage phospholipids. Furthermore, we showed that PON1°mice serum compared with C57BL/6J mice serum had decreased PLase-A 2 -like activity as analyzed by its capacity to hydrolyze PAPC and to release arachidonic acid. This decrement in PLase-A 2 -like activity was relatively low because PLase-A 2 activities other than PON1 are also present in serum. 39 Like PAPC, other specific phospholipids and oxidized phospholipids in arterial macrophage foam cells can be appropriate substrates for PON1.
PLase-A 2 activity of PON1 results in the formation of LPC, and LPC inhibits liver cells cholesterol biosynthesis. 32 Similarly, LPC dose-dependent inhibition of cholesterol biosynthesis in MPMs was observed. LPC was shown to decrease cholesterol biosynthesis by inhibiting the conversion of lanosterol to cholesterol. 32 In the present study, accumulation of lanosterol was shown also in macrophages after treatment with PON1. Because the methodology available may not be sufficient to exclude additional sterols in the lanosterol TLC spots, the exact step of PON1 inhibition of cholesterol synthesis should be further studied.
HDL, the carrier of PON1, demonstrated, like PON1, a similar inhibitory effect on macrophage cholesterol biosynthesis by using similar PON1 activities toward phenylacetate. This effect of HDL is caused by the presence of PON1 in HDL, as PON1-deficiency attenuated the HDL inhibition of macrophage cholesterol biosynthesis. These results thus suggest that the effect of purified PON1 on cellular cholesterol biosynthesis is probably of physiological significance.
HDL is thought to have important role in reverse cholesterol transport from various cells (including arterial wall cells) to the liver. In macrophages, a retroendocytosis of HDL was shown, 40 where receptor-bound HDL internalizes into the cells. It is possible that through such a mechanism, PON1 can interact physiologically with macrophage phospholipids, resulting in the inhibition of cellular cholesterol biosynthesis.
Moreover, PON1 retains its hydrophobic N-terminal sequence, which enables its association with phospholipids, 41 on lipoproteins and on cells. Incubation of macrophages with PON1 revealed an increase in the cellular PON1 activity (toward phenylacetate). This phenomenon is in accordance with findings indicating PON1 location in the external membrane of PON1-transfected hepatocytes. 42 HDL oxidation abolishes the ability of HDL to stimulate cellular cholesterol efflux. In the presence of PON1, however, the formation of oxidized HDL is decreased and the ability of HDL to induce macrophage cholesterol efflux increases. 11 PON1 may thus play important role in reverse cholesterol transport. Finally, the increased macrophage cholesterol biosynthesis observed in MPMs from PON1°/E°mice at 12 months of age fed a chow diet (4% fat) was associated with increased cellular cholesterol content in MPMs from these mice and with large complex atherosclerotic lesion. Increased atherosclerotic lesion was also previously shown in PON1°/E°mice at 3 months of age fed a 6% fat diet compared with control littermates. 16 Similarly, in angiotensin-II-treated mice, increased macrophage cholesterol synthesis was associated with accelerated atherosclerosis progression. 6 We thus conclude that PON1 deficiency is associated with increased macrophage cholesterol biosynthesis, cellular cholesterol accumulation, and atherogenesis. PON1 directly decreases macrophage cholesterol biosynthesis by its action downstream to mevalonate. PON1 PLase-A 2 -like activity leads to LPC formation, and LPC may activate some signal transduction pathway(s), which results in the inhibition of macrophage cholesterol biosynthesis. Because cholesterol accumulation and foam cell formation are the hallmark of early atherogenesis, paraoxonase inhibitory effect on macrophage cholesterol biosynthesis and on macrophage oxidative stress 43, 44 may have important antiatherosclerotic implications.
